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VOLTAGE-CONTROLLED OSCILLATOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a voltage-controlled oscil 
lator Which has excellent input and output characteristics 
that do not depend upon ?uctuations or variations in the 
poWer supply voltage, temperature, manufacturing process 
and others, and Which provides a high oscillation frequency. 

2. Prior Art 

Various types of voltage-controlled oscillators (VCO) are 
knoWn Which are adapted to oscillate at an oscillation 
frequency that varies With input voltage. Among these, ring 
oscillator type VCO is constructed such that a plurality of 
inverters are connected in a ring-like arrangement, and thus 
favorably used in digital circuits. 

FIG. 1 shoWs the con?guration of a knoWn voltage 
controlled oscillator. The voltage-controlled oscillator VCO 
is principally comprised of a V-I converter 1 and a ring 
oscillator 2, and has a control input terminal CONT to Which 
a control signal CS is supplied. 

The V-I converter 1 serves to convert the voltage level Vin 
of the control signal CS into a corresponding current value. 
As shoWn in FIG. 1, the V-I converter 1 includes an op amp 
(operational ampli?er) OP, a p-channel transistor P1, a 
resistance R connected in series With the p-channel transistor 
P1, a p-channel transistor P2, and an n-channel transistor N1 
connected in series With the p-channel transistor P2. The 
gate of the p-channel transistor P1 is connected to the output 
terminal of the op amp OP, and the drain of the same 
transistor P1 is connected to the positive input terminal of 
the op amp OP. The gates of the p-channel transistors P1, P2 
are connected to each other (namely, the p-channel transis 
tors P1, P2 have a common gate), so that the p-channel 
transistor P2 forms a current mirror circuit With the 
p-channel transistor P1. The gate and drain of the n-channel 
transistor N1 are connected to each other, namely, the 
n-channel transistor N1 is of diode-connected type. With this 
arrangement, the drain voltage Vr of the p-channel transistor 
P1 is applied to the positive input terminal of the op amp OP 
in a feedback manner, so that the voltage Vr is controlled to 
be constantly equal to the input voltage Vin. Accordingly, 
current i1 ?oWing through the p-channel transistor P1 is 
given by the folloWing equation (1): 

It Will be understood from the above equation (1) that the 
current i1 only depends upon the voltage Vin, and does not 
depend at all upon ?uctuations or variations in the poWer 
supply voltage, operating temperature, and the manufactur 
ing process. In this example, the device siZe of the p-channel 
transistor P1 is set to be equal to that of the p-channel 
transistor P2. Since these transistors P1, P2 form a current 
mirror circuit, the current i1 is equal to current i2 ?oWing 
through the p-channel transistor P2. 

The voltage Vp and voltage Vn that appear in the V-I 
converter 1 are then supplied to the ring oscillator 2. The 
ring oscillator 2 is constructed as a series connection of a 
plurality of inverters. The device siZe of p-channel transis 
tors P3—Pn+1 of these inverters is set to be equal to that of 
the p-channel transistors P1, P2 of the V-I converter 1, and 
the device siZe of n-channel transistors N2—Nn is set to be 
equal to that of the n-channel transistor N1 of the V-I 
converter 1. The p-channel transistors P3, P5, . . . Pn on the 
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2 
circuit With the p-channel transistors P1, P2 of the V-I 
converter 1, and the n-channel transistors N3, N5, . . . Nn on 

the ground side also form a current mirror circuit With the 
n-channel transistor n1 of the V-I converter 1. Thus, the 
current ?oWing through each inverter is equal to the current 
i1. 

Generally, the delay time T of each inverter is represented 
by: T=CV/i, Where C represents the gate is capacitance of 
transistors of the next stage inverter, and V represents the 
supply voltage. If the ring oscillator is formed of n-stage 
inverters, therefore, the oscillation frequency f of the 
voltage-controlled oscillator VCO is approximately calcu 
lated according to the folloWing equation (2): 

It Will be understood from the above equation (2) that the 
oscillation frequency f does not depend on variations in the 
operating temperature or manufacturing process, but 
depends on the voltage Vin. 

In the actual operation of the voltage-controlled oscillator 
VCO constructed as described above, hoWever, the current 
?oWing through each inverter needs to be set to be smaller 
than the current il in vieW of the relationship With the 
amplitude of the signal. This point Will be described in 
further detail taking the ?rst-stage inverter as an example. 

FIG. 2 shoWs the con?guration of the inverter in the ?rst 
stage of the ring oscillator 2. FIG. 3 shoWs the Waveform of 
the signal voltage V that is the drain voltage of the p-channel 
transistor P4. As shoWn in FIG. 3, the signal voltage V 
exceeds the drain voltage of the p-channel transistor P1 
during a period of time T1, and falls beloW the drain voltage 
of the n-channel transistor N1 during a period of time T2. 
During these periods T1, T2, therefore, the voltage VDS 
betWeen the drain and source of each of the p-channel 
transistor P3 and the n-channel transistor N3 is reduced to a 
loW value. FIG. 4 shoWs a general relationship betWeen the 
drain-source voltage VDS and the drain current id. In FIG. 
4 in Which VDS1 denotes the voltage betWeen the drain and 
source of the p-channel transistor P1 and VDS3 denotes the 
voltage betWeen the drain and source of the p-channel 
transistor P3, the drain-source voltage VDS1 is located in 
the saturation region and the drain-source voltage VDS 3 is 
located in the non-saturation region as shoWn in FIG. 4, With 
the result that the current i1 becomes larger than the current 
i3. Since the oscillation frequency f is proportional to the 
current i ?oWing through each inverter according to the 
above expression (2), the knoWn voltage-controlled oscilla 
tor VCO suffers from a problem that the oscillation fre 
quency f is reduced due to the reduced current i3. 
To avoid the above problem, a voltage-controlled oscil 

lator as shoWn in FIG. 5 is proposed in “A LoW Jitter 
0.3—165 MHZ CMOS PLL Frequency SynthesiZer for 
3V/5V Operation” IEEE J. Solid-State Circuits vol. 32, No. 
4, April 1997 p.582—586. 

In the voltage-controlled oscillator VCO of FIG. 5, a 
control signal CS is supplied to each gate of n-channel 
transistors N10, N20 via a control input terminal CONT. If 
all of p-channel transistors P10—P90 have the same device 
siZe, the voltage Vp1 betWeen the positive poWer supply 
voltage (source) and the gate of the p-channel transistor P40 
is smaller than the voltage Vp2 betWeen the poWer supply 
voltage and the gate of the p-channel transistor P50 (namely, 
Vp1<Vp2). Also, the same current ?oWs through the 
p-channel transistor P40, P50 having the same device siZe, 
and therefore Vp1 is obtained by subtracting nA from Vp2, 
i.e., Vp1=Vp2—nA, Where nA is the source-drain voltage of 
the p-channel transistor 40. 
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Accordingly, the source-drain voltage nA of the p-channel 
transistor P40 on the side of the positive poWer supply is 
equal to Vp2-Vp1, thus eliminating the above problem 
encountered in the circuit of FIG. 1 that the drain-source 
voltage is reduced With the result of restricted or reduced 
current. 

In the voltage-controlled oscillator VCO as shoWn in FIG. 
5, hoWever, the voltage Vp1 and voltage Vp2 depend on 
?uctuations or variations in the poWer supply voltage, oper 
ating temperature, and/or the manufacturing process, as Well 
as the input voltage Vin. Thus, the knoWn voltage-controlled 
oscillator VCO suffers from variations or changes in the 
relationships of the oscillation frequency f With the input 
voltage Vin. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide 
a voltage-controlled oscillator Which has input and output 
characteristics that do not depend upon ?uctuations or 
variations in the poWer supply voltage, operating 
temperature, and manufacturing process, and Which pro 
vides a high oscillation frequency. 

To attain the above object, the present invention provides 
a voltage-controlled oscillator comprising a ring oscillator 
comprising a plurality of inverters that are connected in a 
ring-like arrangement, a voltage-current converter that con 
trols an amount of current ?oWing through each of the 
inverters of the ring oscillator according to a voltage of an 
input signal, Wherein the voltage-current converter com 
prises a ?rst transistor (P101) that is connected to a poWer 
supply line and disposed such that current corresponding to 
the voltage of the input signal ?oWs through the ?rst 
transistor, each of the inverters of the ring oscillator having 
a second transistor (P103) that is connected to the poWer 
supply line and forms a current mirror circuit With the ?rst 
transistor, and biasing means for biasing the second transis 
tor so that the second transistor operates at a boundary 
betWeen a saturation region and a non-saturation region. 

In a preferred form of the present invention, the voltage 
controlled oscillator comprises a ring oscillator comprising 
a plurality of inverters that are connected in a ring-like 
arrangement, and a voltage-current converter that controls 
an amount of current ?oWing through each of the inverters 
of the ring oscillator according to a voltage of an input 
signal, Wherein the voltage-current converter comprises a 
?rst transistor (P101) and a second transistor (P102; P103‘) 
having a gate, each of the ?rst transistor and the second 
transistor being connected to a poWer supply line and 
disposed such that current corresponding to the voltage of 
the input signal ?oWs through each of the ?rst transistor and 
the second transistor, Wherein each of the inverters of the 
ring oscillator comprises a third transistor (P103) that is 
connected to the poWer supply line, and forms a current 
mirror circuit With the ?rst transistor, and a fourth transistor 
(P104) that is connected in series With the third transistor 
and has a gate connected to the gate of the second transistor, 
the fourth transistor supplying current to other devices that 
constitute the each inverter, and Wherein the ?rst transistor, 
the third transistor and the fourth transistor have substan 
tially the same device siZe, and the second transistor has a 
device siZe that is one-fourth of that of the ?rst transistor. 

In a ?rst preferred embodiment of the present invention, 
the voltage-controlled oscillator comprises a ring oscillator 
comprising a plurality of inverters that are connected in a 
ring-like arrangement, and a voltage-current converter that 
controls an amount of current ?oWing through each of the 
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4 
inverters of the ring oscillator according to a voltage of an 
input signal, Wherein the voltage-current converter com 
prises ?rst and second operational ampli?ers (OP1, OP2) 
each having a negative input terminal to Which the input 
signal is applied, a positive input terminal, and an output 
terminal, a ?rst transistor (P101) that is connected to a poWer 
supply line and has a gate and a drain connected to the output 
terminal and the positive input terminal of the ?rst opera 
tional ampli?er, respectively, and a second transistor (P102) 
that is connected to the poWer supply line and has a gate and 
a drain connected to the output terminal and the positive 
input terminal of the second operational ampli?er, 
respectively, Wherein each of the inverters of the ring 
oscillator comprises a third transistor (P103) that is con 
nected to the poWer supply line, and forms a current mirror 
circuit With the ?rst transistor, and a fourth transistor (P104) 
that is connected in series With the third transistor and has a 
gate connected to the gate of the second transistor, the fourth 
transistor supplying current to other devices that constitute 
the each inverter, and Wherein the ?rst transistor, the third 
transistor and the fourth transistor have substantially the 
same device siZe, and the second transistor has a device siZe 
that is one-fourth of that of the ?rst transistor. 

In a second preferred embodiment of the present 
invention, the voltage-controlled oscillator comprises a ring 
oscillator comprising a plurality of inverters that are con 
nected in a ring-like arrangement, and a voltage-current 
converter that controls an amount of current ?oWing through 
each of the inverters of the ring oscillator according to a 
voltage of an input signal, Wherein the voltage-current 
converter comprises an operational ampli?er having a nega 
tive input terminal to Which the input signal is applied, a 
positive input terminal, and an output terminal, a ?rst 
transistor (P101) that is connected to a poWer supply line, 
and has a gate and a drain connected to the output terminal 
and the positive input terminal of the operational ampli?er, 
respectively, and a second transistor (P103‘) that is con 
nected to the poWer supply line, Wherein each of the 
inverters of the ring oscillator comprises a third transistor 
(P103) that is connected to the poWer supply line, and forms 
a current mirror circuit With the ?rst transistor, and a fourth 
transistor (P104) that is connected in series With the third 
transistor, and has a gate connected to the gate of the second 
transistor, the fourth transistor (P104) supplying current to 
other devices that constitute the each inverter, and Wherein 
the ?rst transistor, the third transistor and the fourth tran 
sistor have substantially the same device siZe, and the 
second transistor has a device siZe that is one-fourth of that 
of the ?rst transistor. 

Preferably, in the second preferred embodiment further, 
the voltage-current converter further comprises a ?fth tran 
sistor (P102‘) that has a gate connected to the gate of the ?rst 
transistor and forms a second current mirror circuit With the 
?rst transistor, a siXth transistor (N101‘) that is diode 
connected and connected in series With the ?fth transistor, 
and a seventh transistor (N102‘) that is connected in series 
With the second transistor, and has a gate connected to the 
gate of the siXth transistor such that the siXth transistor and 
seventh transistor form a third current mirror circuit. 

The above and other objects, features, and advantages of 
the invention Will become more apparent from the folloWing 
detailed description taken in conjunction With the accom 
panying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram shoWing the con?guration of 
a knoWn voltage-controlled oscillator; 
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FIG. 2 is a circuit diagram showing the con?guration of 
an inverter in the ?rst stage of the knoWn voltage-controlled 
oscillator of FIG. 1; 

FIG. 3 is a vieW shoWing the Waveform of a voltage signal 
associated With the knoWn voltage-controlled oscillator; 

FIG. 4 is a graph shoWing a general relationship betWeen 
the drain-source voltage VDS and the drain current id; 

FIG. 5 is a circuit diagram shoWing the con?guration of 
another knoWn voltage-controlled oscillator; 

FIG. 6 is a circuit diagram shoWing the con?guration of 
a voltage-controlled oscillator according to a ?rst embodi 
ment of the present invention; and 

FIG. 7 is a circuit diagram shoWing the con?guration of 
a voltage-controlled oscillator according to a second 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Some preferred embodiments of the present invention Will 
be described in detail With reference to the draWings. 

FIG. 6 shoWs the con?guration of a voltage-controlled 
oscillator according to one embodiment of the present 
invention. As shoWn in FIG. 6, the voltage-controlled oscil 
lator VCO is principally comprised of a V-I converter 
portion 10, a ring oscillator portion 20 including n pieces of 
inverter units U1, U2, . . . Un connected in series, and an op 
amp OP3 that converts a differential input received from the 
ring oscillator portion 20 to generate an output oscillation 
signal Sout. In the folloWing description, Vp101, Vp102 and 
Vp103 represent the voltage betWeen the positive poWer 
supply voltage Vss (source) and the gate of the p-channel 
transistors P101—P103, respectively, Vp104 represents the 
voltage betWeen the source and gate of the p-channel 
transistor P104, and VDP 103 represents the voltage 
betWeen the source and drain of the p-channel transistor 
P103. 

The V-I converter 10 serves to convert the voltage (Vin) 
of the control signal CS supplied to a control input terminal 
CONT, into corresponding current, and includes ?rst and 
second op amps OP1, OP2. In the V-I converter 10, the drain 
of the p-channel transistor P101 is connected to the positive 
input terminal of the op amp OP1, and, similarly, the drain 
of the p-channel transistor P102 is connected to the positive 
input terminal of the op amp OP2. The control signal CS is 
supplied to the negative input terminals of the op amps OP1, 
OP2. In p-channel transistors, the phase of a signal taken at 
the gate is inverted With respect to that of a signal taken at 
the drain. With the arrangement as described above, 
therefore, negative feedback is applied to the op amps OP1, 
OP2. Namely, the drain voltages Vr1, Vr2 are applied in a 
feedback manner to the positive input terminals of the op 
amps OP1, Op2, respectively. As a result, the voltage Vin of 
the control signal CS and the drain voltage Vr1, Vr2 of each 
of the p-channel transistors P101, P102 become equal to 
each other. 

In the present embodiment, the device siZe of the 
p-channel transistor P102 is set to be one-fourth (1A) of that 
of the p-channel transistor P101,and the value of a resistance 
Rl provided at the drain of the p-channel transistor P101 is 
set to be equal to that of a resistance R2 provided at the drain 
of the P channel transistor P102. Also, the dc level and 
amplitude of the input voltage Vi are determined so that the 
p-channel transistors P101, P102 operate all the time in the 
saturation region. 

The inverter units U1, U2, . . . Un of the ring oscillator 
portion 20 have the same con?guration or circuit arrange 
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6 
ment With each other. Thus, the con?guration of only the 
inverter unit U1 Will be described herein. In the inverter unit 
U1, p-channel transistors P103, P104 are connected in 
series, and the gate of the transistor P103 is connected to the 
gate of the transistor P101 of the V-I converter 10, such that 
these transistors P101, P103 form a current mirror circuit. 
The gate of the transistor P104 is connected to the gate of the 
transistor P102 of the V-I converter 10. Also, the drain of the 
transistor P104 is connected to respective sources of 
p-channel transistors P105, 106 that constitute a differential 
(ampli?er) circuit, and tWo pairs of n-channel transistors 
N101, N102 and N103, N104 serving as an active load are 
respectively provided at the drains of the p-channel transis 
tors P105, 106. Abias voltage Vb is supplied from a constant 
voltage source (not shoWn) to the n-channel transistors N102 
and N103. The device siZe of the transistors P103, P104 is 
set to be equal to that of the transistor P101. 

In the voltage-controlled oscillator constructed as 
described above, When current corresponding to an input 
voltage Vin ?oWs through each of the inverter units U1, U2, 
. . . Un, the inverter unit U1 ?rst generates output signals O1 
and ON1. The output signals O1, ON1 are then supplied to 
the inverter unit U2, Which in turn inverts these signals O1, 
ON1 to generate output signals O2, ON2. In a similar 
manner, the output signals are propagated or transmitted 
through the inverter units Un, until the inverter unit Un in the 
last stage generates output signals On, ONn, and these 
signals On, ONn are then fed back to the inverter unit U1 in 
the ?rst stage. Accordingly, the oscillation frequency f is 
determined by the delay time of each inverter unit U1, U2, 
. . . Un. 

Next, the operation of the present embodiment Will be 
explained. 
When a control signal CS is supplied to the V-I converter 

10, current corresponding to the voltage Vin ?oWs through 
the p-channel transistors P101, P102. Since the device siZe 
of the transistor P101 is equal to that of the transistor P103 
as described above, the folloWing expression (3) is estab 
lished: 

Vp101=Vp103 (3) 

Also, current ip103 ?oWing through the transistor P103 is 
equal to current ip104 ?oWing through the transistor P104, 
and therefore the folloWing expression (4) is established: 

ip103=ip104 . . . (4) 

Since all of the transistors operate in the saturation region, 
the above expression (4) may be converted into the folloW 
ing expression (5): 

Idssp103 (1—Vp103/Vtp103)2=Idssp104 (1-Vp104/Vtp104)2 

(Idssp103/Vtp1032) (Vp103—Vtp103)2=(Idssp104/Vtp1042) 
(Vp104-Vtp104)2 

Where Vtp103 and Vtp104 denote pinch-off voltage of the 
transistors P103 and P104, respectively, and Idssp103 and 
Idssp104 denote drain current of the transistors P103 and 
P104, respectively, assumed When the voltage betWeen the 
gate and source is 0V. Also, Kp103 and Kp104 are expressed 
as Kp103=Idssp103/Vtp1032, and Kp104=Idssp104/ 
Vtp1042, respectively. 

Here, the transistors P103, P104 are fabricated by the 
same manufacturing process, and therefore Kp103 is equal 
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to Kp 104 (Kp103=Kp104), and Vtp103 is equal to Vtp104 
(Vtp103=Vtp104). Thus, the following expression (6) can be 
derived from the above expression (5): 

Vp103=Vp104 (6) 

Next, the voltages Vp101 and Vp102 betWeen the source 
and gate of the p-channel transistors P101, P102 are respec 
tively given by the following expressions (7) and (8): 

Vp101=Vtp101+(ip101/Kp101)1/2 (7) 

Vp102=Vtp102+(ip102/Kp102)1/2 (8) 

Since the device siZe of the transistor P102 is one-fourth 
of that of the transistor P101 as described above, the above 
expression (8) may be converted into the folloWing expres 
sion (9): 

VP102=Vtp101+(4ip101/Kp101)1/2 (9) 

The voltage VDP 103 betWeen the source and drain of the 
p-channel transistor 103 is given by the folloWing expres 
sion (10) that is derived from the above expressions (7) and 
(9): 

VDP103 = VplOZ - Vp101 (10) 

= (ip101 /1<p101)1/2 

= Vp101 - Vtp101 

It folloWs that the p-channel transistor P103 operates at 
the boundary betWeen the saturation region and the non 
saturation region. It Will be also understood from the above 
expression (10) that the source-drain voltage VDP103 
depends on the pinch-off voltage Vtp101 of the p-channel 
transistor P101 that is determined by the operating tempera 
ture and the manufacturing process, and the source-gate 
voltage Vp101 of the p-channel transistor P101 that is 
determined by the input voltage Vin. Since the pinch-off 
voltage Vp101 can be set to be far smaller than the source 
gate voltage Vp101, the resulting source-drain voltage 
VDP103 is hardly affected by ?uctuations in the operating 
temperature or variations in the manufacturing process. 
Thus, the pinch-off voltage Vtp101 may be considered as a 
constant. Accordingly, current corresponding to the input 
voltage Vin can be caused to How through the inverter unit 
U1. 

Even in the case Where VDP103>Vp101-Vtp101, the 
transistor P103 operates in the saturation region, and there 
fore the current ?oWing through the inverter unit U1 is the 
same as in the case Where VDP103=Vp101-Vtp101. Thus, 
even Where the transistors are designed so that 
VDP103>Vp101-Vtp101, the upper limit of the oscillation 
frequency f cannot be raised. 

If the voltage VDP103 betWeen the source and drain of 
the transistor P103 is increased, the ratio of the voltage 
VDP103 to the poWer supply voltage (Vss-Vdd) is accord 
ingly increased, Which means that the effective voltage Vval 
of the inverter as indicated in FIG. 6 is reduced. With the 
voltage Vval thus reduced, the output signal O1 given as a 
voltage divided by the p-channel transistor P105 and the 
n-channel transistors N101, N102 is accordingly reduced. If 
the source-drain voltage VDP103 increases excessively, 
therefore, the p-channel transistor of the inverter unit U2 that 
receives the accordingly reduced output signal O1 may not 
be kept in the ON state, Which causes the ring oscillator to 
fail to oscillate. To ensure that the ring oscillator 20 performs 
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a stable oscillating operation, the operating points of the 
other transistors P104—P106, N101—N104 of the inverter 
unit U1 need to be set to appropriate levels. Thus, the 
increase in the source-drain voltage VDP103 makes it nec 
essary to set the poWer supply voltage (Vss-Vdd) to a 
suf?ciently large value. 

In the case Where VDP103<Vp101-Vtp101, on the other 
hand, the transistor P103 operates in the non-saturation 
region, and current ?oWing through the inverter unit U1 is 
reduced compared to that in the case Where VDP103= 
Vp101-Vtp101. Consequently, the upper limit of the oscil 
lation frequency f is loWered. 

If the transistors are designed so that VDP103=Vp101 
Vtp101 as in the present embodiment, the ring oscillator 20 
does not suffer from the above problems, and is able to 
operate With a loW voltage assuring high stability. It is thus 
possible to provide a voltage-controlled oscillator that is 
most ef?cient or advantageous in terms of both of the 
oscillation frequency and the poWer supply voltage. 

Next, a second embodiment of the present invention Will 
be described. The voltage-controlled oscillator VCO of the 
second embodiment has substantially the same con?guration 
as that of the ?rst embodiment except the use of a V-I 
converter 11 constructed by partially modifying the V-I 
converter 10 as used in the ?rst embodiment. FIG. 7 shoWs 
the con?guration of the voltage-controlled oscillator accord 
ing to the second embodiment of the present invention. In 
FIG. 7, the same reference numerals as used in FIG. 6 are 
used to identify the corresponding components and parts, of 
Which no detailed description Will be provided. 

The V-I converter 11 is different from the V-I converter 10 
of the ?rst embodiment in that the op amp OP2, p-channel 
transistor P102, and resistance R2 are eliminated, and 
replaced by p-channel transistors P102‘, P103‘ and n-channel 
transistors N101‘, N102‘. 

In the second embodiment, the gates of the p-channel 
transistors P102‘ and P103 are connected to the gate of the 
p-channel transistor P101 (namely, the p-channel transistors 
P101, P102‘ and P103 have a common gate), and thus these 
transistors P102‘, P103 and P101 constitute a current mirror 
circuit. The n-channel transistor N101‘ is connected in series 
With the p-channel transistor P102‘, and takes the form of a 
diode-connected transistor in Which the gate and the drain 
are connected to each other. The p-channel transistor P103‘ 
also takes the form of a diode-connected transistor in Which 
the gate and drain are connected to each other, and the 
n-channel transistor N102‘ is connected in series With the 
p-channel transistor P103‘. The gate of the n-channel tran 
sistor N102‘ is connected to the gate of the n-channel 
transistor N101‘, so that these transistors N102‘ and N101‘ 
form a current mirror circuit. 

In the present embodiment, the p-channel transistors 
P101, P102‘, P103 and P104 have the same device siZe, and 
the device siZe of the p-channel transistor P103‘ is set to be 
one-fourth of that of the p-channel transistor P101. Also, the 
device siZe of the n-channel transistor N101‘ is set to be 
equal to that of the n-channel transistor N102‘. 

Under the condition that the p-channel transistors P101 
and P102‘ have the same device siZe, current ip101 ?oWing 
through the transistor P101 is equal to current ip102‘ ?oWing 
through the transistor P102‘. Also, under the condition that 
the n-channel transistors N101‘ and N102‘ have the same 
device siZe, the current ip102‘ is equal to current ip103‘ 
?oWing through the p-channel transistor P103‘. 

Since the device siZe of the p-channel transistor P103‘ is 
one-fourth of that of the p-channel transistor P101, the 
voltage Vp103‘ betWeen the source and gate of the transistor 
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P103‘ is given by the following expression (11), similarly to 
the above expression (9): 

Consequently, the voltage VDP3 betWeen the source and 
drain of the p-channel transistor P103 is expressed as 
VDP=Vp101-Vtp101, similarly to the above expression 
(10). Thus, the upper limit of the oscillation frequency can 
be raised, and the resulting voltage-controlled oscillator 
VCO is able to operate With a loW voltage, assuring high 
operating stability. 

The voltage-controlled oscillator VCO of the second 
embodiment is able to provide the same effects as provided 
by the ?rst embodiment With a more simpli?ed structure, 
due to the use of the V-I converter 11 that does not include 
the op amp OP2. 

While the preferred embodiments of the invention have 
been described above for illustrative purpose only, it is to be 
understood that the present invention is not limited to these 
embodiments, but may be otherWise embodied With various 
changes or modi?cations as described beloW. 

(1) In the illustrated embodiments, the device siZe of the 
p-channel transistor P102 or P103‘ is set to be one-fourth of 
that of the p-channel transistor P101 to establish the gate 
voltage of the p-channel transistor P104 so that the 
p-channel transistor 103 operates at the boundary betWeen 
the saturation region and the non-saturation region. The 
present invention, hoWever, is not limited to this 
arrangement, but may employ any other method of biasing 
the p-channel transistor P103 insofar as the transistor P103 
operates at the boundary betWeen the saturation region and 
the non-saturation region. 

(2) In the illustrated embodiments, the p-channel transis 
tors P101, P103 are used to provide a current mirror circuit, 
so as to control the current of each inverter. It is, hoWever, 
possible to use n-channel transistors to provide a current 
mirror circuit. In this case, the voltage-controlled oscillators 
as shoWn in FIG. 6 and FIG. 7 may be modi?ed such that the 
positive poWer supply line Vdd and the negative poWer 
supply line Vss are sWitched, and the p-channel transistors 
and n-channel transistors are replaced by each other. 
As described above, the voltage-controlled oscillator con 

structed according to the present invention has excellent 
input and output characteristics that do not depend upon 
?uctuations or variations in the poWer supply voltage, oper 
ating temperature, and the manufacturing process, While 
assuring a suf?ciently high oscillation frequency. 
What is claimed is: 
1. A voltage-controlled oscillator comprising: 
a ring oscillator comprising a plurality of inverters that are 

connected in a ring-like arrangement; 
a voltage-current converter that controls an amount of 

current ?oWing through each of the inverters of said 
ring oscillator according to a voltage of an input signal; 

Wherein said voltage-current converter comprises a ?rst 
transistor (P101) that is connected to a poWer supply 
line and disposed such that current corresponding to the 
voltage of the input signal ?oWs through the ?rst 
transistor, each of the inverters of said ring oscillator 
having a second transistor (P103) that is connected to 
the poWer supply line and forms a current mirror circuit 
With the ?rst transistor; and 

biasing means for biasing said second transistor, said 
biasing means comprising a transistor having a device 
siZe thereof set to such a value relative to a device siZe 
of said ?rst transistor and said second transistor such 
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that the second transistor operates at a boundary 
betWeen a saturation region and a non-saturation 
region. 

2. A voltage-controlled oscillator comprising: 
a ring oscillator comprising a plurality of inverters that are 

connected in a ring-like arrangement; and 
a voltage-current converter that controls an amount of 

current ?oWing through each of the inverters of said 
ring oscillator according to a voltage of an input signal; 

Wherein said voltage-current converter comprises a ?rst 
transistor (P101) and a second transistor (P102; P103‘) 
having a gate, each of the ?rst transistor and the second 
transistor being connected to a poWer supply line and 
disposed such that current corresponding to the voltage 
of the input signal ?oWs through each of the ?rst 
transistor and the second transistor; 

Wherein each of the inverters of said ring oscillator 
comprises a third transistor (P103) that is connected to 
the poWer supply line, and forms a current mirror 
circuit With the ?rst transistor, and a fourth transistor 
(P104) that is connected in series With the third tran 
sistor and has a gate connected to the gate of the second 
transistor, said fourth transistor supplying current to 
other devices that constitute said each inverter; and 

Wherein said ?rst transistor, said third transistor and said 
fourth transistor have substantially the same device 
siZe, and said second transistor has a device siZe that is 
one-fourth of that of the ?rst transistor. 

3. A voltage-controlled oscillator comprising: 
a ring oscillator comprising a plurality of inverters that are 

connected in a ring-like arrangement; and 
a voltage-current converter that controls an amount of 

current flowing through each of the inverters of said 
ring oscillator according to a voltage of an input signal; 

Wherein said voltage-current converter comprises ?rst and 
second operational ampli?ers (OP1, OP2) each having 
a negative input terminal to Which the input signal is 
applied, a positive input terminal, and an output 
terminal, a ?rst transistor (P101) that is connected to a 
poWer supply line and has a gate and a drain connected 
to the output terminal and the positive input terminal of 
the ?rst operational ampli?er, respectively, and a sec 
ond transistor (P102) that is connected to the poWer 
supply line and has a gate and a drain connected to the 
output terminal and the positive input terminal of the 
second operational ampli?er, respectively; 

Wherein each of the inverters of said ring oscillator 
comprises a third transistor (P103) that is connected to 
the poWer supply line, and forms a current mirror 
circuit With the ?rst transistor, and a fourth transistor 
(P104) that is connected in series With the third tran 
sistor and has a gate connected to the gate of the second 
transistor, said fourth transistor supplying current to 
other devices that constitute said each inverter; and 

Wherein said ?rst transistor, said third transistor and said 
fourth transistor have substantially the same device 
siZe, and said second transistor has a device siZe that is 
one-fourth of that of the ?rst transistor. 

4. A voltage-controlled oscillator comprising: 
a ring oscillator comprising a plurality of inverters that are 

connected in a ring-like arrangement; and 
a voltage-current converter that controls an amount of 

current ?oWing through each of the inverters of said 
ring oscillator according to a voltage of an input signal; 

Wherein said voltage-current converter comprises an 
operational ampli?er having a negative input terminal 
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to Which the input signal is applied, a positive input Wherein said ?rst transistor, said third transistor and said 
terminal, and an output terminal, a ?rst transistor fourth transistor have substantially the same device 
(P101) that is connected to a power Supply line, and has siZe, and said second transistor has a device siZe that is 
a gate and a drain connected to the output terminal and ohe'fohrth of that of the ?rst transistor 
the positive input terminal of said operational ampli?er, 5 5~ voltage'eohtrohed Oscillator according to elahh 4> 
respectively and a Second transistor (13103‘) that is wherein said voltage-current converter further comprises a 
Connected K’) the power Supply line. ?fth transistor (P102‘) that has a gate connected to the gate 

’ of said ?rst transistor and forms a second current mirror 
Wherem _each of the meters of Sald Fmg Osclnator circuit With the ?rst transistor, a siXth transistor (N101‘) that 

Compnses a thlrd trahslstor (P103) that 15 Connected to is diode-connected and connected in series With the ?fth 
the POWer Supply hhe, and forms a Current mlrror 1O transistor, and aseventh transistor (N102‘) that is connected 
circuit With the ?rst transistor, and a fourth transistor in Series With Said Second transistor, and has a gate Con 
(P104) that is connected in Series With the third nected to the gate of the siXth transistor such that the siXth 
transistor, and has a gate COnneCted t0 the gate 0f the transistor and seventh transistor form a third current mirror 
second transistor, said fourth transistor (P104) supply- circuit. 
ing current to other devices that constitute said each 15 
inverter; and * * * * * 


